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vABSTRACT
Optical tomography is widely known in tomography area to visualise and
measure mass flow rate of two phases flows solid gas. In order to visualise the
material inside the pipeline, parallel beam projection had been selected at all times
because of its simplicity.  However while producing the image, some constraints
such as smear and blurriness will happen, whereas for mass flow rate, the
measurement of a non-homogenous flow will always affect the accuracy of the
result. Therefore, a combination between parallel and fan beam was done to produce
a better spatial resolution. This research introduces a new projection technique by
mixing the parallel and fan beam projections that is, Mix Modality between Parallel
and Fan Beam Left and Right (MPFBLR), and Mix Modality between Parallel and
Fan Beam Centre (MPFBC). These mixed projections need a specific design of a
sensor jig by eliminate the collimator to enable two modes of projections to be
operated and consequently, this combination will use switching/pulsing technique.
Linear Back Projection (LBP) is the algorithm that will be used to reconstruct the
image in real time. The image will be processed offline to filter unwanted data, and
to enhance quality using Filtered Back Projection (FBP) with Averaging Grouping
Color (AGC) method and Linear Back Projection with Interpolation (LBPI). A new
technique using polynomial graph acquired from calibration process of gravity flow
rig will be employed to measure the mass flow rate. The result demonstrated that
MPFBLR gave the best values in terms of Area Error (AE) percentage, Peak Signal
to Noise Ratio (PSNR) and Normalized Mean Square Error (NMSE) compared to
single parallel beam projection. The mass flow rate can be easily monitored using
polynomial equation from the manual calibration. In conclusion, the combination
technique between parallel and fan beam can improve the image quality and enable
the mass flow rate measurement.
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ABSTRAK
Tomografi optik diketahui secara meluas dalam bidang tomografi untuk
menggambarkan dan mengukur kadar aliran jisim dalam dua aliran fasa pepejal gas.
Untuk melihat bahan di dalam saluran paip, pancaran selari sentiasa dipilih kerana ia
ringkas. Namun semasa imej dihasilkan, beberapa kekangan seperti imej yang samar
dan kabur akan terjadi, manakala bagi kadar aliran jisim, pengukuran aliran tak
homogen selalu memberi kesan kepada kejituan keputusan. Oleh itu, gabungan
antara selari dan mencapah telah dilakukan untuk menghasilkan resolusi ruang yang
lebih baik. Kajian ini memperkenalkan teknik pancaran yang baru dengan
menggabungkan pancaran selari dan mencapah iaitu Campuran Modaliti antara
Selari dan Mencapah Kiri dan Kanan (MPFBLR), dan Campuran Modaliti antara
Selari dan Mencapah di Tengah (MPFBC). Campuran pancaran ini memerlukan
rekabentuk khusus untuk jig penderia dengan membuang pemfokus cahaya bagi
membolehkan dua mod pancaran beroperasi dan seterusnya kombinasi ini akan
menggunakan teknik pensuisan/denyutan. Pancaran Kembali Linear (LBP) adalah
algoritma yang akan digunakan untuk membina semula imej dalam masa nyata. Imej
akan diproses secara luar talian untuk menapis sebarang data yang tidak dikehendaki
dan menambahkan kualiti menggunakan Pancaran Kembali di Tapis (FBP) dengan
teknik Pengumpulan Pemurataan Warna (AGC) dan Pancaran Kembali Linear
dengan Penentudalaman (LBPI). Satu teknik baru yang menggunakan graf
“polynomial” yang diperolehi dari proses penentukuran paip aliran graviti akan
digunakan untuk mengukur kadar aliran jisim. Hasilnya menujukkan MPFBLR
memberikan hasil yang terbaik dari segi peratusan Ralat Kawasan (AE), Puncak
Isyarat kepada Nisbah Hingar (PSNR) dan Min Ternormal Ralat Kuasa Dua (NMSE)
berbanding pancaran selari tunggal. Kadar aliran jisim adalah mudah dipantau
menggunakan persamaan “polynomial” dari penentukuran insani. Kesimpulannya
teknik gabungan selari dan mencapah boleh meningkatkan kualiti imej dan
membolehkan pengukuran kadar aliran jisim.
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CHAPTER 1
INTRODUCTION
The word tomography is derived from the Greek word which means a slice of
image.  Technically, tomography is about obtaining cross sectional two or three
dimensional images of N-dimensional object (Ai, 1996). Tomography has been
adopted in many areas of the physical sciences and engineering to measure the
distributions (“images”) of parameters of interest in various processes (York et al.,
2011). Nowadays, tomography has been practiced on numerous applications in both
medical and industrial field, whereby in industrial, the term for tomography is called
process tomography.
It all began in the mid-1980s, where process tomography start to take place in
the imaging system (A. Plaskowski et al., 1995). The use of tomography would be
beneficial especially in industrial applications that involve multiphase flow i.e., fluid-
fluid flow, fluid gas flow, water oil flow and solid gas flow. Process tomography
allows many kinds of parameter measurement such as velocity of the material,
concentration profile, mass flow rate and the sizing of particles.  All these parameters
can be used in optimizing the design of the process flow.  Through tomography
measurement technique, the flow measurement can be continuously monitored
without interrupting the flow object inside pipeline, and this may improve the
inspection process in the industry.  Many industries still perform common method in
monitoring the pipeline flow, for example in palm oil industry where the palm oil
2will be segregate into useful oil content and wasted sludge content. The sludge
content will undergo the oil processing procedures again in the pipeline to identify
remaining palm oil. By applying the tomography technique, we can identify the
percentage of useful oil and sludge waste in the pipeline.  By this, we could reduce
the processing time and unnecessary oil refinery process.
In solid gas industry, there is a need to monitor and determine blockage in the
pipeline and to verify whether the measurement subjects are flowing as required
(Global Spec, 2011). Another important issue is to monitor the loss in the production
for example in rice industry.  From the industrial visit to Faiza factory, the
monitoring system is important to monitor the weight of the rice before and after the
enhancement process of rice quality. The current system applied in this factory make
the production become slower and therefore they stop using the system. By applying
mass flow rate meter using optical tomography approach, the rice weighing process
will consume shorter time. In addition, current existing system used in the industry
could only provide measurement readings and unable to identify the material
distribution and movement in the pipeline. (Dickin et. al., 1992) in the pipeline.
Tomography system has the ability to visualize the tomogram image inside the
pipeline.  Therefore, problems such as blockages or unexpected processing results
which may affect or change the flow of the solids and reduce the effectiveness can be
solved easily with the help of this system.
In tomography system, set of sensors are arranged and mounted on the
periphery of the pipeline to observe material flow characteristics inside the pipe.
This advantage will reduce the cost of operation and may help the company to
increase its profit and reduce losses.
31.1 Background Research Problem
Since the introduction of process tomography in industrial area, research in
tomography has been rapidly applied.  Solid subjects are one of the materials that
often used in the industry.  Solid is tend to distribute in non homogeneous way and
that its velocity is not uniform (Arakaki et. al., 2006). This is a major problem while
measuring a two phase flow (Zheng and Liu, 2010) as it may affect the mass flow
rate measurement which varies with time while transporting the material. Therefore,
online mass flow rate is required to monitor for any changes in the pipeline. The
system should also be able to identify any changes in real time and provide
information whether the transportation of materials has a problem or not.  Besides
that, a study from Yingna Zheng et. al. (2010), has found that although two decades
have passed, no online mass flow rate that is capable of giving an absolute
measurement has been successfully built.  Online mass flow rate plays an important
role to measure the amount of materials being transported without having to weigh it
using traditional way which is time consuming and need human resource monitoring.
According to the above, we now know the important of mass flow rate
measurement which is really needed to help the current industrial process flow.
Another issue in this field, the mass flow rate involves heavy computation when
using inferential method. Inferential method is an indirect technique in getting the
mass flow rate data, where it involves values from concentration profile and velocity
profile (Beck, 1987). This will affect the real time component which is really crucial
in mass flow rate. This issue can be solved by using a direct method and it will be
applied in this project.  Direct method involves a sensing element that produces the
result of mass flow rate directly through the sensing components.  Using this
technique, the computation problem can be solved because the direct technique is
free from any complex mathematical formula.
Other than that, image blurring and ambiguous are also major problems that
should be addressed in optical tomography when using Linear Back Projection (LBP)
4algorithm (Lei et. al., 2009) where the image quality are often affected. Image
quality can be analyzed using certain parameters such as Peak Signal to Noise Ratio
(PSNR) and Normalize Mean Square Error (NMSE).  The higher the PSNR and the
lower the NMSE value show an excellent quality of image.  LBP is the main
algorithm in this project.  By using a single type of projection, which is parallel beam
projection, the image quality will be quite poor. Therefore to solve this problem,
some modifications have been done by combining it with a fan beam projection.
These modifications improve the image quality.
1.2 Problem Statements
In optical tomography, several fields of studies are needed to accomplish the
overall task.
 The sensor unit must be properly selected to make sure that the overall
performance of the system is at its best condition.  This is because, sometimes
the sensors in the market does not fit with each other and produces unwanted
noise to the circuit. The selection must also fulfill the required angle for
parallel and fan beam projection and it also must have a fast switching time to
enable both combination of projection to be implemented in the system and
produce the image needed in real time.
 The signal conditioning and control unit are also the critical part in this
project. This is because the amounts of sensors are quiet high, therefore, the
Analogue to Digital (ADC) conversion would require much longer time to
process.
 The image reconstruction technique using LBP algorithm was used because it
is faster for image reconstruction technique in real time application.
However, at the same time, the produced image has a smearing effect and the
5quality which is not very good. Other algorithms such as Linear Back
Projection with Interpolation (LBPI) and Filtered Back Projection (FBP)
using Averaging Grouping Color (AGC) have been used as a post processing
technique to enhance the image quality.
 The measurement of mass flow rate using gravity conveyer can be done by
exploiting the values of concentration profile and velocity profile. However,
this technique involves heavy computations.  Therefore, the direct technique
of measuring mass flow rate is selected to make sure it can measure the mass
flow rate quickly.
1.3 Aim and Objectives of the Study
1.3.1 Aim
The aim of this research is to enhance the image quality using the mix
projection between parallel and fan beam.
1.3.2 Specific Objectives
This research was carried out according to the following objectives.
i. To design the tomographic measurement hardware
ii. To design the tomographic software display
iii. To integrate the hardware and software for verification purpose
61.4 Scopes of the Study
i) The object that will be tested is assumed to have the same characteristics
with the assumption that the attenuation factor is one for solid and the
attenuation factor for air is zero.  Therefore, all of the lights are assumed
be absorbed by the object that neglecting the reflection, refraction and
other nonlinearity effects of the light
ii) This research is concentrating on solving the problem that happens in
parallel beam mode by combining parallel and fan beam projection.
iii) The mass flow rate experiment is only focusing on one material which is
plastic beads.
iv) This research will use LBP as its main algorithm and focus on
enhancement after the image has been acquired via offline technique.
1.5 Significant Research Contribution
The ability to implement a fan beam projection in parallel view is one of the
novelties in this research.  This design involves a sensor jig designed specifically for
parallel applications that does not involve collimator design. Therefore the fan beam
can also be implemented in the same sensor jig without difficulty.
The method to overcome the disadvantages of parallel beam projection seems
to be a very practical solution to the problems that arise in a parallel beam.  Although
fan beam has its own disadvantages, combining these two approaches is expected to
further enhance the image quality and can be measured using PSNR and NMSE
parameters. The combination also eliminates the unwanted noise that appear when
using parallel beam projection.
7The mass flow rate measurement can be done in single plane by exploiting
the concentration profile values which using the polynomial equation.  This
technique can eliminate the complex calculations between concentration and velocity
profile.
1.6 Organization of the Thesis
This thesis is divided into 7 chapters.  Chapter 1 presents the overview of the
research project.  It starts with the introduction of tomography in general and next
covers the background of research problems and then explains the problem
statement. The aim and objectives will give clearer information on the target of this
study.  Lastly, significance of the research and its contribution are discussed.
Chapter 2 presents the latest and crucial literature survey of this research.
Therefore, any new research by the other researchers can be compared.
Chapter 3 is mainly about system modeling in optical tomography.  The
characteristics of light can be predicted to ensure the methodology used is suitable
with that characteristic. This chapter also explains the mode of projection used in
this research and lastly it explains the mass flow rate measurement and the
calibration involve before the real measurement take place.
Chapter 4 is about image reconstruction algorithm that mainly focuses on
Linear Back Projection (LBP).  LBP is used for online system. Other algorithm such
as LBPI and FBP with AGC method will be implemented via offline mode. The
entire algorithm will be tested in three different projections where the purpose is to
evaluate whether the combination projection between parallel and fan beam can
enhance the tomogram image performance.
8Chapter 5 explains the methodology used in hardware and software
development. The hardware development includes the subtopics of sensor selection
for emitter and receiver, circuit explanations, signal conditioning and data acquisition
technique.  For software development, it explains the overall program structure for
every projection and algorithm.
Chapter 6 further discusses the research results and analysis where it gives
the results from the experiment that include static and dynamic experiment.
Chapter 7 provides details on future works on how to improvise this research
and gives suggestions for forthcoming upgrades.
                                                   CHAPTER 2    
LITERATURE REVIEW 
2.1 Introduction 
There are various tomography types and optical tomography is chosen in this 
research.  Optical tomography started to be focused starting from 1996 and right now 
its development is still gotten in curiosity by researchers.  To develop an effective 
optical tomography system, the selection of transmitter and receivers should be 
focused carefully.  This is the first step of the development of system and any failure 
in this stage; affect the whole process in the development of optical tomography.  
Along this selection, researchers also must have the idea on how they want to set up 
the projection because it is important in the sensor selection.  After the successful in 
the sensor system, it’s time to concentrate on the image reconstruction where the 
right choosing of the algorithm is vital.  Lastly, is the parameter of interest in optical 
tomography; concentration profile and mass flow rate where the literature is focusing 
on mass flow rate as it always gets in attention by the researcher in this area. 
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2.2 Introduction to Process Tomography 
Tomography flow measurement is well known in the industrial process.  
Tomography is vital to investigate activities of internal structures of a vessel without 
the need to invade it.  There are several important parameters that can be investigated 
using tomography method such as mass flow rate, velocity profile and concentration 
profile.  These parameters are crucial for industrial processes as these parameters 
help in monitoring the process control effectively and obtains good quality product 
with high safety features.  Several methods of tomography are being used in 
industrial applications and one of it is optical tomography introduced by Abdul 
Rahim (1996).  Optical tomography can be applied whether in industrial or medical 
application.  Figure 2.1 shows the overall process of an optical tomography system. 
 
 
 
  
  
 
Figure 2.1: Optical tomography system 
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2.3 Types of Tomography Sensors 
2.3.1 Electrical Capacitance Tomography (ECT) 
ECT is a “soft field” tomography type and is widely used in applications that 
involve dielectric materials. Previous research shows that it can successfully be 
applied for two or more component flow such as solid/gas (Wang, et al., 2010),  
oil/gas/water (Ismail, et al., (2005), water/steam (Jaworek et al., 2004) and 
gas/liquid/solid (Warsito and Fan, 2003).  ECT had been used in many industrial 
applications, such as imaging of gas-oil flows in oil pipelines, gas-solids distribution 
in pneumatic conveyors and fluidized beds, combustion flame in engine cylinders 
and liquid droplets distribution in wet gas separators (ECT Instrument Limited, 
2009).  ECT has a non-linear relationship between electrical measurements and the 
permittivity of the measured material which makes the image reconstruction for ECT 
complicated.  ECT is also unable to give high definition image boundaries and the 
sensitivity for the measured properties is not constant within the region of interest 
compared to computed tomography based on radiation or optical sensor (Green et al., 
1997).  However, ECT has some advantages such as there is no radiation, rapid 
response, low cost, better temporal resolution, non-intrusive and non-invasive, and 
able to withstand high temperature and high pressure.  ECT works by calculating the 
changes in capacitance from a multi-electrode sensor.  This is due to the change in 
permittivity of materials being visualized.   
2.3.2 Electrical Impedance Tomography (EIT) 
The primary aim of an EIT is to measure the distribution of electrically 
conductive components and it will reconstruct the impedance distribution parameter 
in the process and it is developed for clinical purpose in early 1980s (Plaskowski, 
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1995) where the application was subsequently extended to process control.  The 
basic methodology for both applications is that it will illustrate the distribution of 
conductivity or permittivity within a volume whether it is a part of a human body or 
content of a pipeline (Denai et al., 2010).  Current will be injected and voltage will 
be measured in EIT.  The point electrode that is positioned around the vessel will 
make electrical contact with the fluid inside the vessel.  Therefore, the material for 
the electrode must be more conductive than the material in the vessel.   
 
 
The advantages of EIT are low cost technique, simple application, provides 
high speed of data collection and able to characterize the materials (Brown, 2001).  
There were three major areas that have always been a hot topic with this technology 
which are physical construction of the hardware, the use of multi-frequency data 
capture and three dimensional EIT.  However, one main disadvantage of this 
technique is that EIT cannot be used for pneumatic conveying which contains large 
electrically non-conducting solids (Chan, 2002). 
2.3.3 Ultrasonic Tomography 
The basic principle of ultrasonic tomography is that the object or field will 
interact with an ultrasonic beam via acoustic scattering.  To get the information about 
the objects/field, the interaction must be sensed.  There are different ways to generate 
ultrasound such as using magnetostrictive, laser or capacitive techniques and 
piezoelectric material (Hauptmann et al., 1998).  Ultrasonic uses non-invasive and 
non-intrusive technique.  This type of tomography has the potential for imaging 
component flows such as oil/gas/water mixtures that occur in oil industry (Zhong, et 
al., 2005).  Ultrasonic tomography also can be applied in transportation to evaluate 
the concrete pavements (Hoegh et al., 2011).  
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The advantages of ultrasonic sensors is that the technique is non invasive, 
provides in-line measurement, rapid response, low power consumption, excellent 
long term stability and high resolution and accuracy.  However, ultrasound is 
unsuitable for solid gas application because the speed of sound in gas limits the data 
acquisition rate (Syed Salim, 2003) and will produce high level of noise at the 
transducer because of the particle impact.  Therefore, this technique is unsuitable for 
solid gas material. 
2.3.4 Positron Emission Tomography (PET) 
Positron emission tomography (PET) is a nuclear medical imaging technique 
for quantitative measurement of physiologic parameters in vivo, based on the 
detection of small amounts of positron-emitter-labeled biologic molecules.  PET also 
can be applied in flow measurement where it is useful for imaging in opaque fluids, 
opaque pressure boundaries, and multiphase studies (Ruggles et al.,2011). 
 
 
The advantage of this method is able to identify the positions of individual 
particles in the medium and not bulk masses as in X-ray tomography.  However the 
disadvantage is corresponding to a safety problem for the patient where the 
radioactive isotope is required to be injected into the body and this limits its 
applications to laboratory studies or processes.  
2.3.5 X-Ray Tomography 
X-ray computed tomography has excellent spatial resolution but poor 
temporal resolution (Heindel et al., 2008).  Spatial resolution is the measurement of 
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how closely lines can be resolved in an image.  Temporal resolution is the precision 
of measurement with respect to time where the longer the light has to travel, the 
lower the temporal resolution is.   
 
 
X-ray tomography provides a more quantitative imaging modality than others 
used for multiphase flow measurement such as electrical impedance and capacitance 
tomography.   High speed gamma ray tomography using multiple fan beam 
collimated radioisotope source is a sufficient and fast method to visualize the cross 
sectional imaging in dynamic flow for different industrial process  (Maad and 
Johansen, 2008). 
2.3.6 Optical Tomography 
The general principle of optical tomography is a set of light sources and the 
photo detectors are used into obtaining the parallel views of the pipeline.  This type 
of tomography is popular for medical and process tomography.  Recent research 
conducted is focusing more on the medical side rather than the process.  Optical 
tomography is a “hard field” type tomography where it is sensitive to the parameters 
that they measure in all positions of measurement volume and it is very easy to 
obtain the data because the sensitivity is equal in all positions.  It is, however, the 
opposite with “soft field” where the parameter sensitivity is dependent on the 
position of the sensors in the measurement volume.  In optical, a beam of light will 
be projected through some medium from one boundary point and this light will be 
detected at another boundary point.  At the receiving point, the level of voltage will 
be measured and any reduction of the value, is proportional to the existing object in 
the pipe or vessel.  It means the optical tomography detects the attenuation of the 
signal. 
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The advantages of optical tomography are;  
a) the response time is negligible due to the speed of light, 
b)  a very high resolution can be obtained from a small wavelength,  
c) measurements are immune to electrical noise or interference,  
d) wide selection of readily available emitters and detectors and  
e) better spatial resolution.  
 
 
Although it can be regarded as the simplest type of tomography, it also has its 
drawback.  Light can travel to non-opaque objects.  Therefore, non-opaque objects 
cannot be used, as it will not be able to give any reading to the receiving end.  In 
addition, the opaque object is the most suitable material to be tested, but problem 
will occur, when two objects overlap each other, as it will be hard to distinguish 
them.  This can be solved by using many projections and also by combining the 
parallel and the fan beam. This is the angle to be focused in this research. 
2.4 Recent Research in Optical Tomography 
There are many research works and groups that had established their own 
research niche in optical tomography.  Sheffield Hallam University, for example is 
among the active groups involved in optical tomography.  Their research focuses on 
a variety of experiments which utilize optical sensors (Dugdale et al., 1992; Abdul 
Rahim, 1996; Ibrahim, 2000).  The ongoing research in Universiti Teknologi 
Malaysia (UTM) focuses on solid gas where some of them used parallel and fan 
beam projection.  The most frequent sensors used in their research are infrared LED, 
laser and fiber optic (Chan, 2002; Pang, J.F., 2004; Goh, C.L., 2005; Mohamad, 
2005; Abdul Rahim et al., 2008; Rasif, 2009; Abdul Rahim et al., 2009).  Other 
related groups are from Zheijiang University, China, which focused on near infrared 
laser and Terahertz PT (Process Tomography) (Chen et al., 2005; Zhang et al., 
2005).  Ozanyan et al. (2011) also made some effort in Terahertz filed. The group 
from Guangdong University of Technology, China studied the fan beam optical 
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sensor and its application in mass flow rate measurement of pneumatically conveyed 
solids (Li et al., 2005; Zheng et al., 2006).  In Beijing Institute of Petrochemical 
Technology, Yan et al. (2005) worked on the optical tomography using optical fiber  
with an addition of artificial intelligent elements in their design.  A researcher from 
Technical University of Opole, Poland used optical tomography in different types of 
research.  The research is concerned with the implementation of optical tomography 
in a water tank (Rzasa and Plaskowski, 2003) and dual tomography, which was 
proven to improve the image reconstruction (Rzasa, 2009).   
2.5 Overview of Transmitter and Receiver used in Optical Tomography 
2.5.1 Transmitter 
Lighting signal produced by a transmitter is crucial in optical tomography 
system.  The transmitter that is suitable for optical tomography is Light Emitting 
Diode (LED), fiber optic and laser.   
 
 
Light Emitting diode or LED has a long-lifetime and its light output exhibit a 
gradual reduction over the period of time.  LED can be divided into 3 main colour 
which are red, yellow and green.  Comparing the three LEDs, the Red LEDs seems 
to be more robust then the other two while the green one failed after several months 
without knowing the reason.  LED can be classify into two categories which is 
visible LED and infrared (IR) LED.  There are different electrical characteristic for 
both two where IR LED is usually has a lower forward voltage than visible LED 
(Held, 2009).  However for visible LED, excessive current and low reverse voltage 
could destroy the LED (Soar, 1981). 
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Besides LED, fiber optic also is one of the sources of transmitter and its 
characteristic is promising.  Fiber optic has a low power, high sensitivity, wide 
bandwidth and known to its resistance to electromagnetic interference  Their price 
also has dropped and it surely will attract more users to utilize the device. 
 
For laser as a source of transmitter, the laser diode is the device that has been 
selected to be discussed here.  Both LED and laser diode are fabricated on similar 
semiconductor material but it operated differently where laser produce coherent light 
whereas LEDs do not. The bandwidth and the cost for laser diode is higher compared 
to LED.  Thoughe LED have a more longevity characteristic compared to laser diode 
(Held, 2009). 
2.5.2 Receiver 
At the receiver side, it consists of several parts and among of it is 
photodetector, amplifier and filter.  Photodetector will convert the received optical 
signal into a photocurrent which is photon to electron converter.  Two types of 
photodetector that is widely used are p-i-n photodiode and avalanche photodiode.   
The different between them is how the electron-hole pair will be generated.  For p-i-n 
photodiode, every time the photon is absorbed by the detector, the electron-hole pair 
will be generated.  For avalanche photodiode, the electronic gain within the detector 
will generate that matter (Richard and Byron, 2002).   
 
  
Other type of photodetector that is used by researchers is phototransistor.  
Although it has higher sensitivity, the response is slow and it is not suitable for 
tomography as tomography involve a dynamic flow.  Phototransistor is designed to 
pick up sufficient quantities of light, thus makes it have unsatisfactory high-
frequency response. 
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2.6 The Selection of Optical Sensor and Projection Arrangement: 
Advantages and Disadvantages 
The selection of the optical sensors is crucial in the first stage of tomography.  
To ascertain that the system will operate efficiently, a comprehensive selection of the 
sensors must be performed.  The selection of the sensors is influenced by the 
projection arrangement of the selected optical sensors.  These are parallel beam mode 
and fan beam mode.  
 
 
For parallel beam mode, the sensors have a narrow angle beam while fan 
beam mode uses wide angle beam.  Both projections; parallel and fan beam mode 
have their own advantages and disadvantages.  The main difference between parallel 
beam and fan beam modes is depicted in Figure 2.2. 
 
 
(a) (b) 
Figure 2.2: a) Parallel beam projection, b) fan beam projection 
 
In parallel beam projection, the sensor is arranged as one transmitter to one 
receiver.  Meanwhile, for fan beam mode, one transmitter covers several receivers.  
As shown in Figure 2.2(a), the parallel beam projection is simple and easy to 
implement.  This is because all transmitters and receivers will be ‘ON’ at the same 
time and no switching control is needed on the transmitter part.  However, this 
simple construction has poor coverage where the line of light is straight and only 
certain parts will be covered.  Blank spots or parts that cannot be detected will 
directly affect the tomogram result.  
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For fan beam mode as shown in Figure 2.2 (b), the detection coverage is 
100% of the pipe cross section.  However, the vital drawback of this mode is that the 
switching process of the detectors from one transmitter to another transmitter until 
the entire transmitter array finished performing the scanning, critically delays the 
detection period.  Investigations were carried out to identify the best detection for 
optical tomography by coupling different sensor methods to different beam modes.  
The investigated groups are listed as below: 
a) fiber optic and parallel beam mode, (Abdul Rahim, 1996;Ibrahim, 2000) 
b) LED and fan beam mode (Chan, 2002; Zeng, 2001), 
c) infrared and parallel beam mode (Pang, 2004; Goh, 2005; Chiam, 2006;  
Dugdale, 1992), 
d) infrared and fan beam mode (Leong, 2005), 
e) laser and parallel beam mode (Mohamad, 2005; Mohamad et. al.,2006), 
f) laser and fan beam mode (Chen et. al., 2005; Zheng et. al. 2006) and  
g) dual mode (Rasif, 2009; Rzasa, 2009). 
2.6.1 Fiber Optic and Parallel Mode  
The preparation of fiber optics in optical tomography was a challenging job 
as incorrect cutting procedures will cause fault measurement.  Therefore, careful 
setup of the system is necessary.  Abdul Rahim, (1996) and Ibrahim, (2000) have 
reported on optical tomography using fiber optics for measuring different materials. 
 
Abdul Rahim (1996) used fiber optic as a sensor tool.  The diameter of pipe 
in his research was 81mm.  The light source was a single quartz halogen that 
provided a large beam area.  It produced good illumination for all the optical 
transmitter fibers, which were arranged in a bundle.  The receiver fiber converted 
the signals into electrical signals by PIN diodes.  Although only 16 pairs of fiber 
optic transmitters and receivers were used and arranged in two projections, it is still 
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capable in producing the concentration profile and tomographic images successfully.  
Besides that, this research also performs well in getting the result for particle size 
distribution.  The assumption used to obtain the results is to ignore the effect of 
scattering and diffraction of light (Abdul Rahim, 1996).  One drawback of fiber 
optics is that the transmitters and receivers need to be aligned accurately.  Otherwise, 
the sensors will produce incorrect readings and this can greatly reduce the accuracy 
of the system.  Another problem arises would be related to the light collimating issue 
where the arrangement of transmitters and receivers in a group might create a 
problem since the possibility of overlapping is higher between adjacent receivers.  
This results in intensity loss.  Although there are negative effects, fiber optics provide 
the opportunity to design sensors with a wider signal bandwidth which enables 
measurements of higher speed flowing particles.   Some improvements in image 
reconstruction algorithm are need to obtain a better image as well.  Apart from that, 
the CPU speed and data acquisition need to be improved to make the system more 
reliable.   
 
 
Ibrahim, (2000) has put in some enhancements in optical tomography.  The 
fiber optics used in his experiment were arranged in two planes, which was different 
from Abdul Rahim, (1996) who used only one plane.  Each plane consists of two 
rectilinear and two orthogonal projections.  For orthogonal, 8 by 8 sensors were 
implemented while for rectilinear, 11 x 11 sensors were used.  The total numbers of 
transmitter sensors in one plane were 38.  The unique feature was the implementation 
of four 35cm projectors as light source and light guide.  This research ignores the 
scattering effects and also neglects the fibre cladding as it is assumed thin in 
comparison to the central fibre.  As a result, small bubbles in diameter of 1-10 mm 
and volumetric flow rate up to 1 l/min can be detected using optical tomography.  
The optical tomography is sensitive to large bubbles in water of diameter 15-20 mm 
and volumetric flow rates up to 3 l/min (Ibrahim, 2000).  This modification produces 
a result with higher resolution than the previous research done by Abdul Rahim, 
(1996) due to the increment in the number of sensors.  However, the arrangement of 
the receivers and transmitters in a group will result in overlapping beam for the 
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receivers. Different forms of filtering techniques in reconstruction algorithm should 
also be investigated in order to produce better results. 
2.6.2 LED and Fan Beam Mode 
The best characteristics about LED are the minimal power drawn, its 
longevity and its cost compared to many other sensors (Chen et. al., 2011).  LED has 
slow rise time and fall time, but it can still be used in optical tomography system as 
was demonstrated by Chan, (2002) and Zeng et al., (2001).  They proved that LED is 
feasible for optical tomography applications. 
 
 
Chan, (2002) used LED as a source of light and PIN photodiode as a receiver, 
both with diameters of 2.94 mm.  The sensors were arranged in a fan beam projection 
technique and the total number of sensors installed are 16 pairs as shown in Figure 
2.3.  The fan beam method exploits a larger emission angle of the source that was 
feasible to be sent to all the receivers and the emission power is uniform along the 
projection.  There are a few assumptions that had been made which include: 
i) Light scattering and beam divergence effect are neglected. 
ii) The attenuation factor for air is assumed to be zero while the 
attenuation factor for solid particle is assumed to be one.  All incident 
lights on the solid surface are fully absorbed. 
iii) Single projection resulted in 16 light beams from the emitter towards 
the photodiodes and each of the light beams possesses a different 
width, depending on the sensor geometry and projection angle. 
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Figure 2.3: Sensor arrangement used 16 pairs of sensor 
 
 
Zeng et. al. (2001) chose red LED as the source of a transmitter and in 
parallel with the light that will be detected by photo valve at the other side.  They 
used rotary working table for the experiment setup to get the complete projection for 
the object.  In this project, they employed one of the optical scattering methods, 
which is light extinction method but ignored the diffraction effect that is formed by 
the edged of the particles.  Sand in a diameter of 120 µm was dropped through a 
funnel and the flow velocity was observed to be dependent on the controlled funnel.  
Thus, by changing the velocity, different optical signal would be obtained.  From the 
experiment, random fluctuation signal was produced, where it was related with the 
light decrement.  As the light decreased, more particles were shown to be passing 
through, that blocked the light source which is an indication of a higher mass 
concentration.   
2.6.3 Infrared Led and Parallel Beam Mode 
Infrared LED has a characteristic of invisible to human eyes, and it is more 
difficult to handle compared to LED as it was hard to check for alignment.  However, 
this type of sensing element is recommended since its wavelength is outside of 
visible light; therefore, the interruption of day light can be avoided.  Pang, (2004), 
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Goh, (2005) and Chiam, (2006) are among the researchers that used infrared in 
parallel projection for optical tomography. 
 
 
Pang, (2004) used infrared LED from TEMIC Semiconductor model 
TSUS4300 that had a wavelength in the range of 900 to 1000 nm, whereas the peak 
of wavelength was at 950 nm.  Thus, the optical tomography sensor designed is 
indisputably unaffected by the visible light source from the surrounding environment 
that will result in error during the measurement process.  The features of a small 
angle of half intensity, which was 16
○ 
is a main criteria to take into account because 
they implement parallel beam mode in their project.  For the receiver, Pang, (2004) 
had chosen phototransistor instead of photodiode due to compatibility of 
phototransistor model, TEFT4300 to the infrared LED.  The advantage of 
phototransistor was that the starting wavelength of phototransistor was about 875nm 
that was well away from the visible light’s boundary, 700nm.  Most photodiode 
available in the market are sensitive to visible light.  It has a physical size of 3 mm in 
diameter, peak of wavelength is 925 nm, and angle of half sensitivity was 30 degree 
and less costly.    
 
 
For the experiment purposes, Pang, (2004) used plastic pellets, which look 
like a small cylinder in dimension of 2 x 2 x 3 mm to be imaged.  It will be tested to 
observe the difference of concentration profile in four kinds of a regime (full flow, 
three quarter flow, half flow and quarter flow).  To measure the mass flow rate, three 
other regimes were set up with a diameter of 4.5 cm, 4 cm and 3.5 cm.  The dropping 
distance is 16 cm and 56 cm.  The smaller the drop distance, it will produce higher 
concentration (Abdul Rahim et al., 2005b). 
 
 
For the projection technique, Pang, (2004) implemented two orthogonal and 
two rectilinear projections per layer (16 pairs for one orthogonal projection and 23 
pairs for one rectilinear projection) as shown in Figure 2.4. 
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